Introduction
All living cells process information by trafficking cargo, such as extracellular ligands, microorganisms, nutrients, transmembrane proteins and lipids from the plasma membrane to endocytic vesicles (i.e. endocytosis). A reciprocal process called recycling balances endocytosis and returns much of the internalized membrane and cargo to the cell surface. The balance between endocytosis and recycling controls the plasma membrane composition and provides cells with information that has been resolved in time and space. Endocytosis and recycling are master regulators of diverse cellular functions such as nutrient uptake and metabolism, development, proliferation, differentiation and polarity, reprogramming, migration, cell adhesion and migration, cytokinesis, and neurotransmission [1] [2] [3] . Endocytic and recycling pathways are very dynamic and highly coordinated and allow cells to turn over the equivalent of the entire plasma membrane 1-5x per hour.
The cell-based L-glutahione protection assays are useful to study endocytosis and recycling of transmembrane proteins including receptors, channels, transporters, and adhesion molecules in epithelial and nonepithelial cells [4] [5] [6] [7] [8] . We have previously studied endocytosis and recycling of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) in human airway epithelial cells and HEK293 cells [9] [10] [11] [12] [13] [14] [15] . The biotinylationbased assays described in the manuscript are optimized for examining endocytosis and recycling in epithelial cells cultured under polarizing conditions on semipermeable growth supports. These protocols can be modified to study endocytosis and recycling of proteins in epithelial cells cultured in plastic tissue culture dishes or in nonepithelial cells. Figures 1 and 2 contain examples of endocytic and recycling assays in epithelial and nonepithelial cells.
Endocytic assays are performed as previously described [9] [10] [11] [12] [13] [14] [15] . Cells are cultured on collagen coated semipermeable growth supports 11, 14 . Alternatively, cells can be cultured in collagen coated plastic tissue culture dishes 10, 15 . Cells are cooled rapidly to 4 ºC to stop membrane trafficking and the plasma membrane proteins are labeled at 4 °C with a cell membrane impermeable biotin. Biotin reacts with ε-amine of lysine residues and the disulfide bond is thiol-cleavable. After biotinylation cells are incubated at 37 °C to induce protein trafficking and load endocytic vesicles for 2.5, 5.0, 7.5, or 10 min. Subsequently, cells are cooled to 4 °C and the disulfide bond in biotin covalently attached to plasma membrane proteins is reduced with L-glutathione (GSH). At this point in the protocol, only proteins that were endocytosed from the plasma membrane are protected from GSH and thus, remain biotinylated. Cells remaining at 4 °C after biotinylation without incubation at 37 ºC or the GSH treatment would serve to determine the amount of CFTR biotinylated at time zero. Cells remaining at 4 °C after biotinylation without incubation at 37 ºC but with GSH treatment would serve to determine efficiency of the disulfide bonds reduction. Following the above described treatments, cells are lysed, biotinylated proteins are isolated by streptavidin agarose, eluted into SDS sample buffer, and separated by SDS-PAGE. The protein of interest is detected in the biotinylated samples by western blotting. The amount of biotinylated protein at 4 ºC at time zero (without the 37 ºC warming) is considered 100%. The amount of protein remaining biotinylated after GSH treatment at 4 ºC is considered background and is subtracted from the amount of protein remaining biotinylated after warming to 37 ºC at different time points. Protein endocytosis is calculated after subtracting the background and is expressed as the percent of biotinylated protein at each time point after warming to 37 ºC compared to the amount of biotinylated protein present at time zero.
Recycling assays are performed as previously described 11, 16 . Cells are cultured on collagen coated semipermeable growth supports 11 . Alternatively, cells can be cultured on collagen coated plastic tissue culture dishes 13 . Cells are warmed to 37 °C after biotinylation to load endocytic vesicles with biotinylated proteins. The time of first incubation at 37 ºC is determined by the time when endocytosis of the protein of interest reaches maximum during the linear increase of the endocytic signal. The time is protein specific and may depend on the cell type and cell culture conditions. In our experience CFTR endocytosis reached maximum at 5.0 or 7.5 min 13, 14 (Figures 1 and 2) . Subsequently, cells are cooled immediately to 4 °C and the disulfide bond in biotin attached to plasma membrane proteins is reduced with GSH. Next, cells are either lysed to determine the amount of endocytosed protein of interest or warmed again to 37 °C for different periods of time to allow endocytosed biotinylated protein of interest to recycle to the plasma membrane. Cells are then cooled again to 4 °C, and the disulfide bond on biotin attached to proteins recycled to the plasma membranes is reduced with GSH. Recycling of the protein of interest is determined from the difference between the amount of biotinylated protein after the first and second GSH treatment.
The feasibility of the endocytic and recycling assays depends on several factors. First, formation of cell monolayers is a prerequisite and cells that do not form monolayer or grow as multilayers are not suitable for assays described in this manuscript. Second, the abundance of the protein of interest at the cell surface and presence of an antibody to detect the protein by western blotting are critical. We recommend that the steady state abundance of the protein is first determined in whole cell lysates (WCL). Third, the ability to biotinylate the specific cell surface protein should be tested. Biotin attaches to lysine residues. Thus, the efficiency of biotinylation depends in part on the number of lysine residues in the protein's extracellular domain. Accordingly, we recommend screening the protein sequence to determine whether lysine residues are present in the extracellular domain(s). Not all extracellular domain lysine residues may be equally accessible to biotin due to protein folding. Hence, protein biotinylation at steady state followed by western blotting should be performed to determine not only the steady state abundance of the protein at the cell surface but also to examine feasibility of the biotinylation-based assays for the protein of interest.
This protocol is optimized for examining endocytosis and recycling of wild type CFTR in human airway epithelial cells CFBE41o-cultured on 24 mm semipermeable growth supports in air-liquid interface 9, 10, [13] [14] [15] . CFTR polarizes to the apical membrane domain; thus, the protocol describes biotinylation of the apical membrane domain. Biotinylation of the basolateral membrane domain will be required to study endocytosis and recycling of proteins polarizing to the basolateral membrane. The endocytic assay protocol described in this manuscript has 6 conditions: Biotinylated only (BT = time zero; sample a); GSH control (GSH; sample b); and the 2.5, 5.0, 7.5, or 10 min endocytic time points (samples c; Table 1 ). The number and/or length of endocytic time points in the protocol can be modified as needed.
The recycling assay is performed after determining the time point when endocytosis of the protein of interest reaches maximum during the linear increase of the endocytic signal. This time point will be used to load endocytic vesicles with the protein of interest prior to inducing recycling. The time is protein dependent and may differ between cell types and culture conditions 15 . We have previously established that CFTR endocytosis reached plateau at the 7.5 min time point in human airway epithelial cells CFBE41o-stably expressing CFTR 15 . By contrast, CFTR endocytosis reached plateau at the 5.0 min time point in HEK293 cells stably expressing CFTR 13 . The recycling assay protocol described in this manuscript has 5 conditions: Biotinylated only (BT = time zero; sample a); GSH control (GSH; sample b); 5.0 min endocytosis (Endo; sample c), 5.0 min endocytosis followed by the 2.5 or 5.0 min recycling time points (Rec; samples d; Table 2 ). The number and/or length of recycling time points in the protocol can be modified as needed.
Protocol

Seeding Cells
1. Pretreat 24 mm filters with 10% collagen I (prepare 10% collagen I in Minimal Essential Medium (MEM), cover the entire surface of the filter with the collagen solution, incubate under the UV light at room temperature for 30 min, and in a cell culture incubator at 37 ºC for 1 hr, suction off the excess collagen after incubation). 2. Prepare cell culture medium (MEM gassed with CO 2 for 20 min, 10% Fetal Bovine Serum (FBS), 50 U/ml penicillin, 50 U/ml streptomycin, 2 mM L-glutamine, 0.5 μg/ml puromycin) 3. Seed CFBE41o-cells on six 24 mm filters for endocytosis and recycling, respectively, at 1 x 10 6. Prepare 100 ml of PBS++, pH 8.6 at 4 °C and keep in the cold room. 7. Prepare biotin containing the disulfide bond and NHS ester at a concentration 0.8 mg/ml in PBS++, pH 8.2, 4 °C within 30 min of the biotinylation step (the volume of biotin buffer should cover completely the entire surface of the filter); we recommend 1.5 ml/24 mm filter. 8. Prepare 100 ml of GSH buffer in water, pH 8.6 and cool to 4 ºC (75 mM sodium chloride, 1 mM magnesium chloride, and 0.1 mM calcium chloride, 50 mM GSH, 80 mM sodium hydroxide, and 10% FBS). GSH and sodium hydroxide should be added just before the experiment. Check the pH and adjust to 8.6; sodium hydroxide neutralizes the carboxyl groups and deprotonates half the cysteine residues in glutathione. It is strongly buffered at the pKa of this cysteine, which is 8.6
4 .
(Prepare the same volume of GSH buffer for the recycling assay). 9. Prepare 50 ml of Lysis buffer, pH 8.2 and keep at 4 °C (25 mM HEPES, pH 8.2, 1% (v/v) Triton X-100, 10% (v/v) glycerol); add Complete protease inhibitor cocktail per 50 ml of lysis buffer and cool to 4 ºC; check the pH after adding Complete as a drop in pH may occur. 10. Prepare Laemli sample buffer with 100 mM DTT. 11. Prepare 1x Running buffer (100 ml of 10x Running buffer, 900 ml of water). 12. Prepare 1x Transfer buffer and cool to 4 ºC (100 ml of 10x Transfer buffer without sodium dodecyl sulfate (SDS), 200 ml of methanol, 700 ml of water).
Endocytic Assay
CFTR polarizes to the apical membrane domain; thus, the protocol describes biotinylation of the apical membrane domain. Biotinylation of the basolateral membrane domain will be required to study endocytosis of proteins polarizing to the basolateral membrane.
Workflow: Biotinylation of cell surface proteins at 4 ºC → Warming to 37 ºC to load endocytic vesicles with biotinylated proteins → Cooling to 4 ºC to stop endocytic trafficking → Reduction of the disulfide bond in biotin attached to proteins that have remained at the cell surface → Cell lysis → Isolation of biotinylated (i.e. endocytosed) proteins with streptavidin agarose → Elution of biotinylated proteins from streptavidin agarose → Protein electrophoresis and western blotting.
1. Bring the plate containing six 24 mm filters ( Table 1 : samples a-c) from the cell culture incubator and transfer quickly to the plate filled with cold (4 ºC) PBS++, pH 8.2 on ice. 2. Let PBS++ overflow the apical surface to cover quickly the entire surface. Bring the plate on ice to the cold room and set on the bench top. 3. Remove PBS++ quickly by turning the plate upside down holding filters in place to prevent falling out. Add ~2 ml of PBS++ to the apical and basolateral side. 4. Wash filters with ~2 ml of cold PBS++, pH 8.2 3x for 2 min. Suction off the wash from one side at a time, apical or basolateral and add fresh PBS++, pH 8.2 to one side at a time. 5. Suction off the last wash and add 1 ml of PBS++, pH 8.2 to the basolateral side. Add 1.5 ml of the biotin buffer to the apical side and incubate in the dark for 30 min. Avoid spilling buffers to the contralateral side. 6. Suction off the biotin buffer from the apical side and wash with PBS++, pH 8.2 3x for 2 min. 7. Set aside in a different plate two filters ( Table 1 : samples a and b), add ~2 ml of PBS++, pH 8.2 to the apical and basolateral side and keep in the cold room. Keep the remaining 4 filters in one plate ( Table 1 : samples c) and add ~2 ml of PBS++ pH 8.2 on the apical and basolateral side of each filter. Place the plate on ice and bring to the bench top next to the 37 ºC incubator. 8. Transfer quickly filters from ice to the plate in the 37 ºC incubator filled with prewarmed PBS++ pH 8.2 and incubate one filter each precisely for 2.5, 5.0, 7.5, or 10 min covering the entire surface of each filter with warm PBS++ pH 8.2. 9. During the incubation fill completely four wells in the plate on ice with cold (4 ºC) PBS++ pH 8.2. 10. After the indicated time of incubation, turn each filter upside down to drain the warm (37 ºC) PBS++, pH 8.2 and transfer to the plate on ice.
Add cold PBS++, pH 8.2 to overflow the apical side and cover the entire surface of each filter quickly. 11. After transferring filters to ice bring the plate to the cold room and set on the bench top. 12. Suction off PBS++ from both sides in all filters (samples a-c) and fill the basolateral side with 1 ml of PBS++ pH 8.6. Add 1.5 ml of PBS++, pH 8.6 to the apical side of the filter a ( Table 1 : sample a). 13. Reduce the disulfide bond in biotin attached to the apical membrane proteins with the GSH buffer (pH 8.6) in filters b and c ( Table 1: sample b and c). 14. Add 1.5 ml of the GSH buffer to the apical side, incubate for 15 min, and repeat six times. 15. Keep 1 ml of PBS++ pH 8.6 on the basolateral side. Avoid spilling the buffer to the basolateral side. 16. After completing the procedure 3.15, wash all filters (Table 1 : samples a, b, and c) briefly with PBS++ pH 8.2 2x, suction off the wash from the apical and basolateral side and set the plate with filters at a 45° angle to drain all wash and suction again. 17. Place the plate flat on the bench top and add 500 μl of lysis buffer to the apical side of each filter and incubate in the cold room shaking for 15 min. 18. Scrape cells with a rubber policeman and collect in a 1.5 ml Eppendorf tube. 19. Spin at 14,000 x g for 10 min at 4 °C. 20. Transfer the supernatants to fresh 1.5 ml tubes and discard the pellets. The supernatants are now called whole cell lysates (WCL). 21. Add 100 μl of Laemli sample buffer with DTT to 50 μl of WCL (10% of the entire WCL) and incubate at 37 °C for 30 min (WCL samples). 22. Prepare 200 μl aliquots of 50% streptavidin agarose and remove all wash buffer with a 27 G needle attached to a suction: wash 2x with 1 ml of PBS, pellet beads with pulse spin between the washes; wash once with 1 ml of lysis buffer to equilibrate before adding WCL; suction dry the agarose prior to adding WCL. 23. Incubate the remaining WCL with washed streptavidin agarose (bring the volume up to 1.2 ml with lysis buffer and rotate in the dark for at least 2 hr or O/N in the cold room). 24. Wash the streptavidin agarose-biotinylated protein complexes three times with 1 ml of lysis buffer (the lysis buffer does not need to contain Complete during washing), pulse spin the agarose between washes, and suction dry after the last wash. 25. Incubate the streptavidin agarose-biotinylated protein complexes with 65 μl Laemli sample buffer with DTT at 85 °C for 5 min. 26. Pulse spin and collect the eluted biotinylated protein complexes. 27. Load 7.5% gels with 40 μl of the WCL samples and the entire volume of the biotinylated (BT) samples per well. 28. Run gels at 120 V in SDS containing running buffer. 29. Transfer proteins to a PVDF membrane at 90-95 V for 1.5 hours (as long as <400 A) in a transfer buffer without SDS.
Recycling Assay
Workflow: Biotinylation of cell surface proteins at 4 ºC → Warming to 37 ºC to load endocytic vesicles with biotinylated proteins → Cooling to 4 ºC to stop endocytic trafficking → Reduction of the disulfide bond in biotin attached to proteins that have remained at the cell surface → Warming to 37 °C to allow biotinylated proteins from endocytic vesicles to recycle to the cell surface → Cooling to 4 ºC to stop endocytic trafficking → Reduction of the disulfide bond in biotin attached to proteins that have recycled to the cell surface → Cell lysis → Isolation of biotinylated proteins (i.e. those that have not recycled) with streptavidin agarose → Elution of biotinylated proteins from streptavidin agarose → Protein electrophoresis and western blotting.
1. Biotinylate the apical surface proteins in five 24 mm filters ( Table 2 : samples a-d) following the procedure described in the Endocytic assay (section 3.1-3.6). 2. In the cold room, set in a new plate two filters ( Table 2 : samples a and b), add ~2 ml of PBS++, pH 8.2 to the apical and basolateral side and keep in the cold room. 3. Keep the remaining 3 filters in one plate ( Table 2 the bench top outside the 37 ºC incubator. 12. Transfer quickly filters from the plate on ice to the plate in the incubator filled with prewarmed PBS++ pH 8.2 and incubate one filter each precisely for 2.5 or 5.0 min as described above in steps 4.4-4.9. 13. Reduce the disulfide bond in biotin attached to the apical membrane proteins with the GSH buffer after the second incubation at 37 ºC in filters d as described in 4.4 with the exception that only three 15 min incubations with the GSH buffer will be done during this step. Keep filters a, b, and c in PBS++ pH 8.6 on the apical and basolateral side during this step. 14. For the cell lysis, and Western blotting follow procedures described in the endocytic assay (steps 3.16-3.31).
Representative Results
CFTR endocytosis was studied in CFBE41o-cells cultured on collagen-coated filters (Figure 1) . Biotinylated CFTR was visualized by western blotting with mouse monoclonal antibody, clone 596 and an anti-mouse horseradish peroxidase antibody using the western blotting detection system followed by chemiluminesence. Quantification of biotinylated CFTR was performed by densitometry using exposures within the linear dynamic range of the film. CFTR endocytosis was calculated after subtracting the background and was expressed as the percent of biotinylated CFTR at each time point after warming to 37 ºC compared to the amount of biotinylated CFTR present at time zero (Figures 1A and 1B) . CFTR endocytosis was linear between 0-7.5 min. Experiments in which the background CFTR was >10% were excluded due to inefficient GSH treatment ( Figure 1D) .
CFTR recycling was studied in HEK293 cells cultured in collagen-coated tissue culture dishes (Figure 2) . CFTR endocytosis was linear between 0.0-5.0 min and reached maximum at the 5.0 min time point (Figure 2A) , thus cells were incubated at 37 ºC for 5.0 min to load endocytic vesicles with biotinylated proteins including CFTR (Figures 2B and 2C) . Recycling of endocytosed CFTR was calculated as the difference between the amount of biotinylated CFTR after the first and second GSH treatment. Table 1 : sample a). At time zero, the amount of BT CFTR remaining after GSH treatment was considered a CFTR background (sample b; please, note this is a different background than the one subtracted from all samples as shown in Figure 1B) . Background CFTR was 6.7 ± 0.9% (mean ± S.E.M.) in the experiments included for analysis. Background CFTR was subtracted from the BT CFTR after the 2.5, 5.0, 7.5, or 10 min warming at 37 ºC (samples c minus sample b). CFTR endocytosis was expressed as the percent of CFTR remaining biotinylated at the 2.5, 5.0, 7.5, or 10 min time points after subtracting background CFTR. CFTR endocytosis was linear between zero and 7.5 min. Ezrin abundance in the whole cell lysate (WCL) was used as a loading control. 4 experiments/group. Experiments in which the background CFTR was >10% were excluded due to inefficient GSH treatment (D). The amount of biotinylated CFTR in the GSH control (sample b) in the excluded experiment was 14.5%. 
Discussion
The success of endocytic and recycling assays depends on efficient biotinylation of CFTR at the plasma membrane. Biotin has to be prepared immediately before use because the NHS-ester moiety readily hydrolyzes and becomes nonreactive. Moreover, the biotinylation step requires strict temperature control at 4 ºC to stop protein trafficking. If the temperature is raised during the biotinylation step above 4 ºC protein trafficking may occur resulting in the biotinylation of variable amounts of CFTR.
The success of endocytic and recycling assays also depends on efficient reduction of the disulfide bond in the biotinylated CFTR remaining at the plasma membrane. The amount of CFTR remaining biotinylated after the GSH treatment should be <10% of the total biotinylated CFTR at time zero. Experiments where the amount of biotinylated CFTR is >10% in the GSH control sample should be excluded. Figure 1D demonstrates "failed" experiment where the amount of biotinylated CFTR in the GSH control was 14.5%. Insufficient reduction of the disulfide bond in the biotinylated CFTR may be secondary to poor control of temperature during the experiment. If the temperature is raised during the GSH treatment above 4 ºC protein trafficking may occur and the biotinylated CFTR endocytosed as a result of the unintentional increase in temperature will increased the background CFTR. Alternatively, insufficient reduction of the disulfide bond in the biotinylated CFTR may result from decreased half-life of GSH in aqueous solution caused by oxidation in air or from inappropriate pH. As previously determined GSH remains strongly buffered at pH 8.6 4 . In our experience six 15 min treatments with the GSH buffer reduced the disulfide bond by more than 90%, more efficiently than one 90 min treatment.
The cell culture requires special attention. Biotin has to reach the plasma membrane domain in intact cells where the protein of interest is expressed. We have used the biotinylation based endocytic and recycling assays to study endocytosis and recycling of CFTR expressed in the apical membrane domain. These assays may be also used to study endocytic trafficking of proteins located in the basolateral membrane domain in cells cultured on semipermeable growth supports. Epithelial cells that form multilayers are not suitable for the these assays as biotin and GSH buffers will only reach the top layer of cells to detect the apical membrane proteins or the bottom layer to detect the basal membrane proteins. Epithelial cells cultured on plastic may be more prone to washing off during the assays. Random loss of cells during the experiment will compromise results. We recommend periodic examination of the monolayer integrity under a microscope in experiments where cells are cultured in plastic tissue culture dishes. Coating of tissue culture dishes with collagen may increased cell adherence.
The biotinylated protein samples should be routinely tested for contamination with intracellular proteins. Detection of intracellular proteins in the biotinylated protein samples may indicate insufficient washing of the streptavidin agarose-biotinylated protein complexes after incubation with WCL. Thus, the first step is to increase the washing efficiency. Moreover, presence of cells with compromised plasma membrane integrity will allow access of biotin to intracellular proteins. Western blotting for a protein expressed exclusively in an intracellular compartment such as the endoplasmic reticulum could be used to detect biotinylation of intracellular proteins. Alternatively, cytoskeletal proteins such as actin or ezrin may be used to test for contamination of the biotinylated protein samples with intracellular proteins. Cytoskeletal proteins may form complexes with transmembrane proteins and small amounts of the cytoskeletal proteins may be detected in the biotinylated protein samples. However, in our experience, the ratio of biotinylated/WCL ezrin or actin is <1:1,000 and thus, these proteins are suitable for determination of cell membrane integrity in the biotinylation-based assays.
The biotinylation reaction can be quenched with glycine or Tris to remove nonreacted biotinylation reagent as previously reported 17 . Moreover, GSH can be quenched with iodoacetamide 6 . In our experience the nonreacted biotinylation reagent and GSH can be efficiently removed by gentle washing with PBS++ without the use of quenching reagents.
The choice of streptavidin vs. neutravidin agarose to isolate the biotinylated protein complexes should be determined on case-by-case basis. In our experience streptavidin agarose provides efficient isolation of the biotinylated protein complexes with minimal binding of nonbiotinylated proteins, unlike the neutravidin agarose where the nonspecific binding occurs at levels that interfere with the assay results (unpublished observation).
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